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Abstract 
The utilization of 2.4 GHz ISM band has experienced enormous growth in 
the last 5 years. A lot of research has been conducted on the design of 
antennas operating inside this band. The limited space on the circuit board for 
the RF module imposes a limit on the physical size available for the antenna. 
This thesis presents two types of antennas to explore possible ways to solving 
this problem: reduced antenna size and multiple operating frequency band 
antennas. 
A novel reduced size antenna which can easily be implemented has been 
designed and shows promising results. This thesis gives the theoretical and 
experimental results and provides a guideline for the design of such an antenna. 
This antenna is fed by a pair of MCX connectors which is commercially 
available and small in size. (MCX connector is one type of sub-miniature 
connectors. It is possibly because these connectors are one of the few small 
connectors that can be used inside PCs.) Different feeding mechanisms are 
explored and the effects on antenna performance are shown.  
A range of planar monopole antennas are also presented in this thesis. 
Prototype antennas have been fabricated on the FR4 substrate with thickness 
of 0.8 mm. Simulated and measured results of the impedance properties are 
presented. Based on these designs, a new dual-band planar monopole 
antenna is proposed. It is designed to work in both 2.4 GHz ISM band and 5.3 
GHz band. The size of the ground is purposely chosen to be same as a WLAN 
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(Wireless Local Area Network) adapter card size. FDTD (Finite Difference Time 
Domain) is used in the antenna impedance prediction. Results from 
measurement, FDTD and FEM-based commercial results are presented. The 
thesis also explores a possible way to further increase the impedance 
bandwidth. Another prototype antenna was fabricated. The measured 
impedance bandwidth covers frequency band from 3.22 GHz to 11.62 GHz. It 
produces a radiation pattern which remains relatively stable at different 
frequencies.  
This work does not only consider the antenna design parameters from a 
microwave perspective, but also focuses on the communication point of view. A 
CASIRA Bluetooth development module was used to measure the BER (Bit 
Error Rate) using the different antenna designs mentioned above together with 
the RF module of the development kit. The measurement results presented are 
used to determine whether the proposed antennas are suitable for the 
Bluetooth applications. Furthermore, a way of mitigating the coexistence 
interference in the 2.4 GHz ISM is proposed in this thesis. A circularly polarized 
antenna was designed and BER measurements were performed. These results 
are compared to those obtained with a linearly polarized antenna. It is found 
that Bluetooth communication using a circularly polarized antenna has better 
BER results when no counter-interference methods have been employed. The 
circularly polarized antenna also shows better performance when there is no 





The proliferation of mobile computing devices including laptops, personal 
digital assistants (PDAs) and wearable computers has created a greater 
demand for wireless personal area networks (WPANs). Wireless 
communications based on Bluetooth and IEEE 802.1x are experiencing rapid 
growth.  
With the emergence of new materials and IC design techniques, mobile 
units are also becoming more and more integrated. The miniaturization of the 
wireless communication terminals has led to a requirement for antennas to be 
small and lightweight. The technological progress which has produced 
significant advances in the miniaturization of components and circuitry has not 
been mirrored by corresponding advancements in antenna miniaturization. 
Solid state components are now approaching structure sizes that are within a 
fraction of a nanometer. Physical dimensions of most antennas are still of the 
order of the wavelength of operation, such as half or quarter wavelength in 
length. Conventional size reducing techniques include: 
1) Usage of high dielectric constant material [1] 
2) Introduction of slots onto the radiation patch and ground [1],[2] 
3) Introduction of EBG (Electrical Band Gap) in the radiating patch or feed 
line [3],[4] 
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4) Usage of passive circuit components [5] 
Many attempts have been made to decrease the size of antennas using 
these techniques. The theoretical and empirical results indicate that antenna 
size reduction is often achieved at the expense of antenna gain and impedance 
bandwidth. It is necessary to develop new size reducing techniques which have 
little effect on the antenna performance.  
In addition to the compact size requirement, it has also become necessary 
to have a microstrip antenna that can be integrated with other devices while 
supporting multiple frequency band operation. Planar monopole antennas have 
attractive features of low profile, small size, conformability to mounting hosts 
and wide impedance bandwidth [6]. With the coupling of line sections to the 
main radiating patch, antennas can be designed to have dual band 
performance or very wide bandwidth to fulfill this requirement. 
Signal interference due to the collocation of the devices in the same 
environment or RF functional blocks on the same circuit board have been 
reported. The interference between Bluetooth and IEEE 802.11b WLAN is one 
example. Investigations have been carried out to study Bluetooth 
communication in an IEEE 802.11b WLAN environment and IEEE802.11b 
WLAN in the Bluetooth communication environment [7]-[9]. Bluetooth 
performance in coexistence with IEEE 802.11b depends on the length of the 
Bluetooth link, the distance to the IEEE 802.11b interferer, the orientation of the 
antennas, and the IEEE 802.11b activity [7]. Enhancement of the Bluetooth 
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performance in the IEEE802.11b communication can be achieved from [8]: 
1) Adaptive frequency hopping for Bluetooth  
2) Collaborative channel access schemes  
3) Using different antenna orientations 
Changing antenna orientation can be achieved from switched polarization 
of antennas or simply using a pair of circularly polarized antennas [10]. With a 
commercially available Bluetooth development device such as the CASIRA 
Bluetooth development kit [11], the actual enhancement effects from using 
different antenna polarizations can be measured by observing the BER (Bit 
Error Rate).  
 
1.2  Aims  
The aim of this thesis is to address the issues raised in Section 1.1 in the 
following ways: 
z Develop a design procedure for a reduced-size microstrip antenna 
z Investigate and possibly improve the current planar monopole 
microstrip antenna design  
z Implement a circularly polarized microstrip antenna and investigate the 
actual advantages of using it in a practical wireless communication 
interference 
A frequency of 2.4 GHz is chosen as the main design frequency. This 
choice is based on the fact that both Bluetooth and IEEE 802.11b WLAN 
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operate in the 2.4 GHz ISM frequency band, and the available test bed is a 
Bluetooth communication system. 
 
1.3 Contributions  
Various successful antenna designs were achieved in the course of this 
research work. These include a reduced-size multilayer antenna, a dual-band 
microstrip antenna and a wideband monopole antenna. A testbed with the 
ability of measuring the Bluetooth communication quality was set up and 
measurement results from circularly polarized antenna was obtained. The 
possible advantages of using circular polarization to counter interference in 
Bluetooth communication systems were quantified. 
Original contributions of this thesis resulted in the following publications: 
Journal papers 
1. L. Lu and J. C. Coetzee, “Characteristics of a two layer microstrip patch 
antenna for bluetooth applications”, Microwave and Optical Tech. Lett, vol. 
48, pp. 683-686, 2006.  
2. L. Lu and J.C. Coetzee, “A reduced size microstrip antenna for Bluetooth 
applications”, Electronics Lett., vol. 41, pp.13-14, 2005. 
3. L. Lu and J.C. Coetzee, “A modified dual band microstrip monopole 
antenna”, accepted for publication in Microwave and Opt. Tech. Lett, 2006. 
4. L. Lu and J.C. Coetzee, “A wideband planar monopole microstrip antenna 
with coupled parasitic lines”, accepted for publication in Microwave and Opt. 
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Tech. Lett, 2006. 
 
1.4 Outline 
The rest of this thesis is organized as follows. 
The basics of microstrip antenna design and antenna performance 
characteristics are presented in Chapter 2.  
Chapter 3 discusses the design and analysis of a multilayer reduced-size 
antenna. A complete empirical design procedure is presented. Simulated and 
measured results are presented to support the design methodology 
implemented. 
Based on a series of planar monopole antenna designs, a dual band 
monopole for Bluetooth and WLAN operation and a very wide band antenna is 
presented in Chapter 4. The measured antenna characteristics are also 
presented.  
A set of BER tests with a pair of circularly polarized antennas was carried 
out with the CASIRA Bluetooth development module [11]. Detailed test results 
and analysis are presented in Chapter 5 to quantify the actual enhancement of 
Bluetooth communication under these circumstances. 
Chapter 6 concludes thesis and presents possible future research topics. 
The C code developed for the FDTD return loss calculation of the 
dual-band planar monopole antenna is attached in Appendix A. 
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Chapter 2 
Antenna design fundamentals 
2.1 Introduction 
This chapter introduces some basic microstrip antenna definitions. It starts 
with a short introduction of impedance bandwidth, radiation pattern and gain. 
An overview of previous design methods for compact antennas is also 
presented. Then the design of conventional circularly polarized antennas is 
discussed. The final part introduces the basic principles of the FDTD (Finite 
Domain Time Domain) method in computational electromagnetics.  
 
2.2 Basic definitions of antenna parameters 
2.2.1 Bandwidth 
The bandwidth of an antenna is defined as the range of frequencies within 
which the performance of the antenna, with respect to some characteristic, 
conforms to a specified standard [12]. The bandwidth can be considered to be 
the range of frequencies on either side of a center frequency where the antenna 
characteristics such as input impedance, pattern, beamwidth, polarization, side 
lobe level, gain, beam direction, radiation efficiency are within an acceptable 
value of those at the center frequency.  
The bandwidth referred in this thesis is based on input impedance/return 
loss. It is defined as the frequency range where the structure has a usable 
bandwidth compared to certain impedance, usually 50 Ω. It is often represented 
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by the frequency band where S11 is less than -10 dB. The plot below shows the 
impedance bandwidth of a patch antenna against frequency. The range of 
frequencies where S11 is less than -10 dB is defined as the impedance 





f1 f2 Frequency  
Figure 2.1 Illustration of impedance bandwidth against frequency 
 
2.2.2 Radiation pattern 
Radiation pattern is defined as a mathematical function or a graphical 
representation of the radiation properties of the antenna as a function of the 
spatial coordinates [12]. It is determined in the far-field region and is 
represented as a function of the directional coordinates. It is measured by 
moving the test antenna around the probe antenna at a constant distance from 
it, or vice versa. The radiation patterns are normally taken in two orthogonal 
planes, often named the E and H-planes.   
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2.2.3 Gain 
The antenna gain is a measure that takes into account the efficiency of the 
antenna as well as its directional capabilities.  
In most of the cases, the relative gain is referred to. It is defined as the ratio 
of the power gain in a given direction to the power gain of a reference antenna 
in its referenced direction and does not include losses arising from impedance 
mismatches (reflection losses) [12]. The power input must be the same for both 
antennas. The reference antenna is usually a dipole, horn or any other antenna 
whose gain can be calculated or it is known. However, the reference antenna 
most often referred to be is a lossless isotropic source. The radiation intensity 
corresponding to the isotropically radiated power is equal to the power 
accepted by the antenna divided by 4π. The radiation intensity corresponding 
to the radiating antenna is defined as the power radiated from the antenna per 
unit solid angle. 
In equation form the relative gain of antenna can be expressed as: 
Gain = 4π power radiated per unit solid angle in direction 
total input (accepted) power of the lossless isotropic source
,θ φ  
 
2.3 Compact design basics 
Various techniques have been documented to reduce the size of microstrip 
antennas for a given frequency. The simplest method is to use a high 






= ε ,       (2.1) 
where c is the speed of light, 3×108 m/s, and f is the center resonant frequency. 
The effective dielectric constant increases with increasing dielectric 
constant [13]. The length therefore decreases when a higher dielectric constant 
is used. However, a high dielectric constant gives rise to surface modes at the 
interface of the air and dielectric material. Surface waves are TM (Transverse 
Magnetic) and TE (Transverse Electric) modes which propagate along the 
substrate outside the microstrip patch [2]. These modes have a cutoff 
frequency which is different from the resonant frequency for the dominant mode 
of the antenna. The cutoff frequency of a surface wave is inversely proportional 
to the dielectric constant of the substrate. We therefore have a tradeoff 
between compact size and efficiency. Other methods have therefore been 
proposed to reduce antenna dimensions with fixed substrate properties.  
One method is the use of a meandered patch. The meandering is done by 
cutting slots in the non-radiating edges of the patch or ground [2]. This is shown 
in Figure 2.2. This effectively elongates the effective electrical current path and 
increases the loading which results in a decrease in the resonant frequency. 
The tradeoff in using this method is a decrease in impedance bandwidth and 
antenna gain, which limits practical applications [2].  
Another method includes the meandering of the ground plane [14]. In a 
similar approach, the insertion of slots in the ground plane can reduce the 
resonant frequency for a given length. The slots of the ground plane may cause 
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unwanted levels of backward radiation, potentially leading to high absorption of 
energy by the human head when the antenna is used in PCS applications.  
Finally, a shorting pin/plane placed on one edge parallel to the radiating 
edge between the patch and the ground plane can also be used to reduce the 
antenna size [15]. This is illustrated in Figure 2.3. With the presence of the 
shorting pin/plane, half of the patch can be omitted. The patch now has a 









Figure 2.3 Illustration of patch antenna with a shorting pin  
 
Theoretically, the position of the shorted plane is selected where the 
electric field normal to the patch is non-existent. Therefore, the fields parallel to 
the shorted plane are undisturbed. The major disadvantage of this method is a 
narrower impedance bandwidth. In practice, it is also difficult for the shorting 
pin/plane to support the patch. A thick foam substrate with a low dielectric 




2.4 Circularly polarization design 
Circular polarization in electromagnetic wave propagation is such that the 
tip of the electric field vector describes a helix. A circularly polarized wave may 
be resolved into two linearly polarized waves in phase quadrature and with their 
planes of polarization at right angles to each other. If, while looking into the 
direction of wave propagation, the wave appears to be rotating clockwise, it is 
said to be RHCP (Right Hand Circular Polarized). If rotation is counter 
clockwise, it is LHCP (Left Hand Circular Polarized). This is illustrated in Figure 
2.4. 
A single patch antenna can be made to radiate circular polarization if two 
orthogonal field components with equal amplitude, but in phase quadrature, are 
radiated simultaneously. One way to attain circular polarization is to trim off the 
corners of the patch along the same diagonal direction of a square patch 
antenna [1]. By inserting a slot in the patch diagonal direction, circular 
polarization can also be achieved while maintaining a compact design [17]. This 
method is useful since it only requires a single feed point. These two 













Figure 2.5(b) CP antenna with slot inserted in the diagonal direction of a 
patch   
 
2.5 Finite-difference time-domain analysis 
  The finite-difference time-domain (FDTD) technique is used extensively in 
the analysis and design of microstrip antennas [2]. The major difference 
between FDTD and other numerical techniques is that analytical preprocessing 
and modeling are almost absent in FDTD. Therefore, complex antennas can be 
analyzed using FDTD. This analysis approach can be used to include the 
effects of finite dimensions of the substrate and ground plane, which may be 
significant for planar monopole antennas.  
 The FDTD has been used by many investigators, because it has the 
following advantages over other techniques: 
1. From a mathematical point of view it is a direct implementation of 
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Maxwell’s curl equations. Therefore, analytical processing of Maxwell’s 
equations is almost negligible. 
2. It is capable of predicting broadband frequency response. Since the 
analysis is carried out in the time domain, it has the advantage of being 
more efficient in comparison with other numerical techniques when 
predicting broadband response. 
3. It is capable of analyzing complex systems, including wave interaction 
with the human body, complex antennas, etc.. 
4. It is capable of analyzing structures using different types of materials for 
example, lossy dielectrics, magnetized ferrites and anisotropic 
plasmas. 
Analysis of any problem using FDTD starts by dividing the structure into 
various regions based on the material properties. The unbounded region, if any, 
is then bounded by terminating it with absorbing medium or termination such 
that reflections do not occur. Next, the problem’s physical space is discretized 
in the form of a number of cuboids of size dx×dy×dz. The time domain is also 
discretized with interval dt. The structure is then excited by an electromagnetic 
pulse. The wave launched by the pulse in the structure is then studied for its 
propagation behavior. The stabilized time-domain waveform is numerically 
processed to determine the time-domain and frequency-domain characteristics 
of the structures. 
To simulate time-varing electromagnetic fields in any linear isotropic media 
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with constant ε, µ and σ, Maxwell’s curl equations are sufficient. The curl 
equations are  
EE H
t
∂σ + ε = ∇×∂
rr r





                               (2.3) 
To obtain unique solutions of equations (2.2) and (2.3), the following 
conditions should apply: 
1. The value of fields at t=0 must be specified on the whole domain of 
interest. They are assumed to be zero except at the plane of excitation. 
2. The tangential components of E and H on the boundary of the domain 
of interest must be given for all t > 0. 
Partial differential equations (2.2) and (2.3) are solved subject to the 
conditions stated above by expressing the derivatives in terms of finite 
difference approximations. The central difference approximation is used for 













⎛ ⎞ ⎛ ⎞+ − −⎜ ⎟ ⎜ ⎟∂ ⎝ ⎠ ⎝ ⎠= +∂           (2.4) 
Equation (2.4) implies that the E and H fields should be known at discrete 
points (xi, yj, zk) only, where xi = i·dx, yj = j·dy, zk = k·dz with dx, dy and dz 
representing the step size. To implement the finite difference scheme in three 
dimensions, the problem space is divided into a number of cells called Yee cells 
of dimensions mentioned above. One such cell is shown in Figure 2.6.  
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Figure 2.6 Geometry of Yee’s cell used in FDTD analysis 
The remarkable property of this cell is that the positions of different 
components of E and H satisfy the differential form of Maxwell’s equation. This 
placement of components also obeys Maxwell’s equation in the integral form. 
The placements of the E and H nodes do not only differ in space by half a space 
step, but the time instants when the E and H field components are calculated 
are also offset by half a time step. The components of E are calculated at n·dt 
and components of H are calculated at (n+1/2)·dt, where dt is the discretization 
step in time. 
 Equations (2.5) to (2.10) are cast from equations (2.2) and (2.3) in the finite 
difference form for use in FDTD:  
      yx zx
HE HE
t y z























∂∂ ∂µ = −∂ ∂ ∂                           (2.10) 
Use of central difference approximation (2.4) converts these six equations 
to the following form: 
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In this chapter, the basic antenna characteristics, such as the antenna 
impedance bandwidth, antenna gain and radiation pattern have been defined.  
Basic antenna miniaturization and circularly polarized antenna design 
techniques have also been introduced.  
A brief introduction of FDTD theory is introduced at the end of the chapter. 
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Chapter 3  
Reduced size antenna design 
3.1 Introduction 
A traditional probe-fed microstrip patch antenna is a strip conductor of 
dimensions L×W on a dielectric substrate of relative dielectric constant εr and 








Figure 3.1 Geometrical structure of a conventional probe-fed microstrip 
antenna 
 
The patch length (L) determines the resonant frequency. The patch length 




= ε           (3.1) 
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where c is the speed of light in vacuum, fr is the resonant frequency and εr is the 
relative dielectric constant. This type of antenna has an inherent narrow 
impedance bandwidth [12]. 
When the patch is excited by the feed, a charge distribution is established 
on the underside of the patch metallization and the ground plane. At a particular 
instant of time, the underside of the patch is positively charged and the ground 
plane is negatively charged. The attractive forces between these sets of 
charges tend to hold a large percentage of the charge between the two 
surfaces. However, the repulsive force between positive charges on the patch 
pushes some these charges toward the edges, resulting in large charge density 
at the edges. These charges are the source of fringing fields and the associated 
radiation.  
The antenna impedance bandwidth can be improved through increasing 
the fringing field by using a thicker substrate with a lower value of dielectric 
constant. However, smaller dielectric constant results in a longer patch length 
and hence occupies a larger place. 
One way to solve this problem is to introduce an air gap between the 
substrate layer and the ground plane of a microstrip antenna. This is shown in 
Figure 3.2. It has been reported to have the effect of tuning the resonant 
frequency, increasing the impedance bandwidth and reducing the antenna size 
[18]-[21]. However, the designs reported in the literature are generally not 
suitable for commercial implementation due to the unstable support of the 
 25







Figure 3.2 Illustration of probe-fed patch antenna with an air gap 
A double layer rectangular patch antenna in Figure 3.3 is proposed. The 
radiating patch is printed on the upper surface of the top substrate. For the 
prototype antenna, FR4 (εr = 4.4) substrate was chosen due to its wide 
availability and low cost. The antenna width is meant to be kept as small as 


















Figure 3.3 Geometrical structure of proposed double layer microstrip patch 
antenna 
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The feeding structure is a direct probe feed. A male/female pair of 50 Ω 
MCX connectors is used to feed the radiating patch and to provide physical 
support between the patch and the ground substrates. A square is printed on 
the bottom surface of the patch substrate. Its size is chosen to match the base 
of the MCX male connector.  
The maximum thickness of the air substrate is determined by the connector 
length. For the MCX V8830 connector used in this case, it was fixed to 8.3 mm. 
The thickness can be easily adjusted by attaching additional pieces of copper 
onto the ground plane whenever necessary.  
The ground plane is printed on the top surface of the bottom substrate. An 
external connection is provided via either a microstrip line or a 
conductor-backed coplanar waveguide (CBCPW) printed on the bottom surface 
of the ground layer. The outer metal surface of the MCX connectors is 
connected to the ground plane. The inner conductor of the connector protrudes 
through a hole in the bottom substrate and is soldered onto the CPW/microstrip 
feed line. The width and especially the length of the ground plane have to be 
larger than those of the patch, thus limiting the effects of these dimensions on 
the radiation pattern and the input impedance.  
 In the following sections, issues related to the design of such an antenna 
are discussed in detail, including calculation results based on theoretical 
formulas, simulations and experiments. 
 
 27
3.2 Antenna design 
3.2.1 Theoretical design 
The initial approach is to model this antenna as a double layer microstrip 
patch antenna. The top layer is the substrate layer and the other is the air gap. 
The ground plane is considered to be directly attached to the bottom surface of 
the air gap.  
 The patch length is determined first as it affects the antenna resonance 
most significantly. It is often approximated as quarter wavelength or half 
wavelength where the wavelength is given as 0 eff/λ = λ ε , where εeff is the 
effective dielectric constant. In order to achieve a miniature design, a quarter 
wavelength is chosen.  
Although the width of a rectangular microstrip antenna patch has a minor 
effect on the resonant frequency and radiation pattern, it affects the impedance 
bandwidth [22]. For an antenna with w/h <1, formulas based on the conformal 
mapping method from [23] can be used for the calculation of the effective 
dielectric constant of the multilayer microstrip line: 
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λ = ε .          (3.5) 
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w1 is the patch width, h0 and h1 are the height of the lower and top substrate 
respectively. 
h = h0 + h1, εr1 and εr2 are the relative dielectric constant of the lower and top 
substrate accordingly. 
 
3.2.2 Full wave simulation  
In order to achieve the best performance, optimization of various 
dimensions of the patch and the ground can be performed using commercially 
available full wave simulators. Software capable of simulating finite substrate 
structures is required. 
3.2.2.1 FEKO 
In the first part of this section, FEKO [24] was used to construct the antenna 
model. It is noted that FEKO is not able to simulate a finite double layer 
substrate patch antenna. The excitation cannot be assigned through two 
different substrate layers. Two possible remedies for overcoming this inability 
are: 
1) Direct patch connection:  
In this model, the substrate layers of the patch and the ground are 
both removed since the top layer thickness is very small compared 
to the air gap and therefore has little effect on the effective dielectric 
constant according to formulas listed in (3.2)-(3.6). 
2) Change of excitation position:  
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Note from Figure 3.1 that a small residue square metal piece is 
needed at the back of the top layer for easy attachment of the MCX 
connector. Since the residual metal piece is indeed connected to 
the ground plane, a voltage can be applied directly between the 
patch and this residual ground. This simultaneously solves the 
excitation problem. 
In the first method, the choice of the substrate has a severe effect on the 
resonance behavior of the antenna, as can be illustrated from formulas (3.2) to 
(3.5). Hence it cannot be simply ignored. 
In the second method, a finite substrate is constructed for the top layer. The 
ground layer is reduced to one piece of metal conductor. However, the outer 
metal surface of the MCX connectors cannot be represented correctly in the 
FEKO model.  
3.2.2.2 HFSS 
HFSS [25] supports a finite substrate and multilayer analysis. The feeding 
structure can and must be properly constructed and defined. Three different 
types of feeds are possible to excite this antenna.  
1. Coaxial feed 
2. Microstrip feed 
3. CBCPW (Conductor Backed Coplanar Waveguide) feed 
All these feeding structures can be modelled without difficulty. Successful 
design was achieved using results obtained from the HFSS simulation. The 
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results are shown in the next section. 
 
3.3 Experimental results and discussion  
3.3.1 Design procedures 
The analysis techniques used in commercial electromagnetic simulators 
often do not take into account the effect of each of the factors involved in the 
design process and the degree of interaction between them. For the 
complicated 3D structure the multilayer antenna, more comprehensive and 
sophisticated tools are necessary to account for complex phenomena such as 
coupling and fringing effects [26]. An approach called Design of Experiments 
(DOE) is proposed in [27] to identify the explicit effect of each of the factors 
involved in the design process and all the interactions between them. This 
procedure was used to formulate suitable design guidelines for this antenna. 
Certain steps were taken to ensure the validity of the results from 
experimental works: 
Firstly, at least one pair of prototype antennas were fabricated to verify 
whether results are reproducible. For each pair, a very good match of the 
impedance bandwidth was observed. It is therefore safe to make observations 
based on these results. Figure 3.4 shows the measured impedance bandwidth 
of two microstrip-fed antennas with identical dimensions. The impedance 
bandwidths are virtually identical. 
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Figure 3.4 Impedance bandwidth against frequency for two identical 
microstrip-fed antennas 
Secondly, the possible effects of three different feeding structures (coaxial, 
microstrip and CBCPW) determined by fabricating one of each for examination.  
 
3.3.1.1 Testbed selection 
Coaxial feed 
Figure 3.5 shows the side view of the coaxial feed prototype. One piece of 
0.3mm thick copper plate is used as the ground of the antenna. An MCX to 
SMA adapter replaced the female MCX connector. This is to provide easier 






Figure 3.5 Side view of the coaxial-fed model 
Microstrip feed 
Figure 3.6 shows the bottom view of the ground layer with a microstrip feed. 
The feeding post is connected to the end of the feeding microstrip line. 
 
Figure 3.6 Bottom view of the microstrip-fed ground layer 
CBCPW feed 
Figure 3.7 shows the bottom view of the CBCPW ground layer. The feeding 
post is connected to the end of the center stripline. 
 
Figure 3.7 Bottom view of the CBCPW-fed ground layer 
An antenna was tested with each of the three different feeding structures. 
Figure 3.8 shows the measured impedance bandwidth. The microstrip feed and 
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CBCPW feed demonstrate similar impedance bandwidth. These two different 
feeding designs differ from each other only at the bottom surface of the ground 
layer and share a common structure above the top layer. The coaxial feed 
shows a higher resonant frequency. 
 
Figure 3.8 Impedance bandwidth against frequency for different feeding 
structures 
The reason for such a big difference is because that the total length of the 
MCX to SMA adapter is about 2.8 mm shorter than the MCX connector pair 
length. Therefore, either microstrip or CBCPW feed structure was chosen for 
the following experiments. 
Finally, a SMA connector was soldered to the far side of the ground to feed 












Figure 3.9 Illustration of the SMA connector soldered onto the ground layer 
An experiment has been conducted to verify whether the coupling between 
the SMA connector and the radiating patch is large enough to affect the 
antenna impedance or not. A testbed shown in Figure 3.10 was constructed. 
The substrate layer is turned 180° away from the original position. The ground 
layer was extended and the ground length under the substrate layer are exactly 
the same (lg1=lg2).  
 
Figure 3.10 Illustration of the testbed for the coupling examination 
The measured results are shown in Figure 3.11. The measured reflection 
coefficients maintain the same shape. A relative shift of only 60 MHz is 
observed. Antenna resonance is not greatly affected.  
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Figure 3.11 Impedance bandwidth against frequency for different antenna 
directions  
In the next section, suitable geometrical dimensions and substrate 
parameters are examined through a series of experiments and observing their 
effects on the antenna resonance. 
3.3.1.2 Design guidlines 
Patch length (l1) 
In the first set of experiments, the effect of patch length on the antenna 
impedance was examined. Using formulas (3.2)-(3.6), the quarter wavelength 
is calculated to be 29.05 mm. A prototype antenna with patch length set to 
29.05 mm was fabricated and measured. Reasonable resonance was observed 
in the 2.4 GHz ISM band. Thus, the quarter wavelength is chosen as the basis 
of the patch length. Antenna patches of lengths varying around this quarter 
wavelength were fabricated. Figure 3.12 shows the measured impedance 
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bandwidth. As expected, an increase in resonant frequency is observed for 
decreasing patch length. Antennas with a length from 28 mm to 29.5 mm 
achieve very good resonance. Each of these patches displays an impedance 
bandwidth larger than 150 MHz. We may therefore conclude that a choice of 
patch length close to a quarter wavelength is most suitable, but minor 
adjustments can be made to tune the resonant frequency.  
 
Figure 3.12 Impedance bandwidth versus frequency for different patch 
substrate length 
Patch width (w1) 
In this design, the chosen patch width of the 0.05λ0 places it right on what 
has been defined as the borderline between microstrip patches and microstrip 
dipole antennas [22]. A number of patches with widths increasing in 2 mm steps 
were fabricated to examine the effects on antenna impedance. The measured 
reflection coefficient is shown in Figure 3.13. A smaller width is preferable, since 
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it produces a wider impedance bandwidth. 
 
Figure 3.13 Impedance bandwidth versus frequency for different patch width 
Substrate permittivity (εr2) 
Apart from the FR4 substrate, antenna patches of similar dimensions were 
also fabricated on other substrate materials. A patch length of 28.5 mm was 
chosen for all experiments. Figures 3.14(a) and 14(b) show the measured input 
reflection coefficient for various values of εr2. Patches etched on substrates with 
εr2 ranging from 2.2 to 6.15 all display strong resonance, whereas for cases with 
larger values of εr2, resonance is markedly weaker. Larger values of εr2 increase 
the effective dielectric constant so significantly that the antenna with the given 
wavelength does not resonate in the frequency band of interest. Substrates 
with εr2 ranging from 2.4 to 3 seem to be best suited for this application, due to 











Substrate thickness (h1) 
The effect of the substrate thickness was also examined. Antennas were 
fabricated on FR4 substrate of thickness 0.8 mm and 1.6 mm. The patch length 
was set to 28 mm in both cases. Figure 3.15 shows the measured return loss 
for the two cases. The antenna fabricated on the thicker substrate 
demonstrates no resonance. It is obvious that the thickness of the patch 
substrate has a severe effect on the antenna resonance and that thicker 
substrates should be avoided.  
 
Figure 3.15 Impedance bandwidth versus frequency for different patch 
substrate thickness 
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Substrate length (l0) 
Antennas were also fabricated on substrates of different lengths. The patch 
length was kept 29 mm in each design. Figure 3.16 reveals that the antenna 
impedance is largely independent of the substrate length. 
 
Figure 3.16 Impedance bandwidth versus frequency for different patch 
substrate length 
 
Substrate width (w0) 
The width of the patch substrate was varied. A patch length of 29 mm was 
used in all cases. From Figure 3.17, it is clear that a small variation in the 
substrate width does not have a significant effect on the antenna resonant 




Figure 3.17 Impedance bandwidth versus frequency for different patch 
substrate width 
 
Ground plane size 
The size of the ground plane can have a significant effect on the impedance 
bandwidth of a monopole antenna [28]. In this experiment, two ground planes 
were fabricated: one measuring 76×38 mm2 and another measuring 38×19 
mm2. Both ground planes were larger than the antenna patch. The measured 
results shown in Figure 3.18 demonstrate that the antenna’s impedance is not 
sensitive to the size of the ground plane, as long as the ground size is kept 
larger than the antenna patch. 
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Figure 3.18 Impedance bandwidth versus frequency for different ground plane 
sizes 
 
Air gap height (h0) 
Although the height air gap is fixed by the MCX connectors, the impact on 
the antenna impedance by variation in height of the antenna could still be 
examined. In the following experiment conducted, 3 pieces of metal cubes with 
the same size of the ground layer and different heights are soldered onto the 
ground layer as shown in Figure 3.19. By doing so, it is equivalent to raise the 
antenna ground. Figure 3.20 shows the measured impedance bandwidth. The 
air gap height is highly related to the resonance frequency. Decreasing the air 





Figure 3.19 Illustration of the testbed for air gap height variation 
 
Figure 3.20 Impedance bandwidth against frequency for different metal piece 
height 
Connector metal shielding size 
In the conventional probe feed multilayer microstrip antenna design, only 
the feeding post is penetrating through the different layers to excite the metal 
patch on the top surface. In this design, the MCX connector is soldered onto the 
ground layer and therefore the metal shielding extends up towards to the top 
layer as part of the ground. To investigate the possible effect from the outer 
conductor, an additional test is conducted here. It is illustrated in Figure 3.21 
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that additional metallic cube with different heights has been soldered around 
the connector outer shield onto the ground plane. Figure 3.22 shows the 
measured impedance bandwidth.  From the observation, the small increment 
of the metal cube height is capable of shifting the resonant frequency up to 2.7 




Figure 3.21 Illustration of the testbed for connector metal shielding variation  
 
 
Figure 3.22 Impedance bandwidth against frequency for different connector 
metal shielding height 
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Center metal shielding size 
In the last experiment, the metal piece is soldered onto the center of the 
ground layer. Figure 3.23 illustrates the construction of this model. The height 
of this metal piece is again varied and the measured impedance bandwidth is 
shown in Figure 3.24. It is noticed here that an increase in the metal height 
does shift the resonant frequency and only changes the antenna impedance. It 
is therefore safe to integrate a well shielded RF front-end circuit onto the 
ground without affecting the antenna working frequency. 
 
 
Figure 3.23 Illustration of the testbed for center metal shielding variation  
From those experiments conducted, a guideline for the design of an 
antenna with an operation bandwidth covering the 2.4 GHz ISM band is 
concluded [29].  
The substrate material with dielectric constant ranging from 2.2 to 6.15 
should be used for the patch. The thickness of the chosen substrate should be 
kept to less than 1 mm to achieve reasonable resonance. The size of the 
substrate layer can be adjusted to provide sufficient space for attaching the 
connector, since the substrate width and length has little effect on the antenna 
impedance. The patch length should approximately be a quarter wavelength, 
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while the patch width may be varied to fine-tune the impedance. A large ground 
plane size is not required, as long as it remains larger than the antenna patch. 
Although it was not verified experimentally, the choice of substrate material and 
thickness for the ground plane is not expected to have any significant effect on 
the antenna impedance.  
 
Figure 3.24 Impedance bandwidth against frequency for different center metal 
shielding height 
3.3.2 Measurement results 
Antenna patches of lengths varying around the predicted patch length were 
fabricated. A prototype antenna has been successfully fabricated using FR4 
substrate with a thickness of 0.8 mm. Various dimensions are shown in Table 
3.1. 
Table 3.1 Physical dimensions of reduced-size microstrip antenna (Unit: mm)  
εr l0 w0 l1 w1 wd h0 r0 r1 s0 l2 w2 lf wf 
4.4 33.3 6.6 28.6 6 6.43 5.5 0.5 1.8 1 38 19 33.5 1.44
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The simulated and measured results for the reflection coefficient (S11) are 
shown in Figure 3.25. Good agreement between the simulated and measured 
results is observed. The resonant frequency covers the 2.4 GHz ISM band 
(2400 MHz to 2484 MHz). The measured antenna gain is shown in Figure 3.26. 
The antenna gain ranges from 1 to 1.5 dBi over the 2.4 GHz ISM Band. The 
H-plane and E-plane radiation patterns are shown in Figure 3.27. It can be seen 
that the plotted E field forms a semi circle from θ=90º to θ=270º. The radiation 
pattern in the azimuth plane is virtually omni-directional.  
 
Figure 3.25 Impedance bandwidth against frequency 
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Figure 3.26 Measured antenna gain against frequency 
 




In this chapter, a reduced-size microstrip-fed antenna is proposed.  
The effects of various parameters on the antenna characteristics were 
determined from a series of experiments conducted. Design guidelines in 
determining the antenna’s substrate property and geometrical dimensions was 
concluded from the experimental results.   
The antenna reported in [30] was designed following these guidelines. The 
usable bandwidth of this antenna covers the 2.4 GHz ISM band. It is compact, 
easy to manufacture and suitable for mass production. 
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Chapter 4  
Planar monopole antenna design 
4.1 Introduction 
In this era of wireless communications, due to limited space available for 
the antenna in the mobile terminal and the wide bandwidth requirement, some 
research has focused on the development of low profile antennas with an 
impedance bandwidth wide enough to cover several operating frequency bands 
of the mobile communication systems (e.g., GSM900, UMTS, etc.). By printing 
and integrating a monopole antenna on the circuit board of the system, the 
overall antenna volume can be greatly reduced [31]. For this reason, compact 
and broadband design techniques for planar antennas have attracted much 
attention from antenna researchers.  
Among various planar antenna designs proposed, the inverted L antenna 
and inverted F antenna have been popular due to their small size and wide 
bandwidth. Some of the available designs were studied on the low-cost FR4 
substrate (r=4.4, h=0.8 mm), and the results are reported in this chapter.  
The finite ground plane used in both designs is reported to affect not only the 
radiation characteristics but also the antenna impedance [28]. For small 
antennas in general, the effect of the finite ground plane cannot be viewed as a 
perturbation from the case with infinite ground plane. The ground plane size 
becomes such an integral part of the antenna design that for the small 
antennas where the ground plane is not much bigger than the patch, both the 
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patch and the ground plane radiates, and it is difficult to distinguish between the 
contributions from the two sources [32]. For that purpose, analysis tools with 
the ability of handing finite dielectric and ground plane dimensions were used 
throughout. Commercial full wave EM software with the capability of simulating 
finite substrate and finite ground structure, HFSS [25], was used in the following 
antenna designs.  
A new modified dual band inverted L antenna and a wideband planar 
monopole antenna are proposed. The modified dual band inverted L antenna 
works in both 2.4 GHz ISM band and 5 GHz band. The wideband planar 
monopole antenna covers a frequency band from 3.22 GHz to 11.8 GHz. 
Reasonable gain has been obtained over this wide bandwidth. The radiation 
patterns in all three different planes at 4 GHz, 6 GHz and 8 GHz are presented.   
 
4.2 Literature review of existing designs 
4.2.1 Inverted L antenna  
Figure 4.1 shows the geometrical structure of a planar inverted L antenna. 
The inverted L shaped microstrip line extending out of the ground acts as the 
radiation element. The ground plane is at back of the substrate and is 
terminated to have a total width w0. The physical dimensions l1 and w1 can be 
adjusted to achieve resonance at the desired frequency in 2.4 GHz ISM Band. 




Table 4.1, Physical dimensions of inverted L antenna (Unit: mm) 
l0 w0 l1 w1 
40 45 20 7 
Figure 4.2 shows the simulated and reflection coefficient of a prototype 
antenna. It has a 13.7% impedance bandwidth which covers the 2.4 GHz ISM 
band. The antenna gain is better than 0.5 dBi over the ISM band.   
CPW (Coplanar Waveguide) and CBCPW (Conductor Backed CPW) feeds 
are known for their relative ease of implementing circuits consisting of passive 
components and active devices. The inverted L antenna can also be excited by 
CPW and CBCPW feed. Figure 4.3 shows the geometrical configuration. It is 
noted that CBCPW supports both CPW mode and microstrip mode wave 











Figure 4.1 Microstrip-fed inverted L antenna 
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4.2.2 Dual mode inverted L antenna  
Dual mode operation can also be achieved by separating of the lower mode 
from the higher mode of resonance [34]. The antenna configuration is shown in 
Figure 4.4. Adding the meander lines to the radiation part of inverted L antenna 
not only reduces the patch length of antenna’s lower resonant mode, but also 
generates an additional resonant mode. By placing a conducting triangular 
section on the vertical section of the modified inverted L monopole, good 
impedance matching for the two bands is easily obtained.   
However, it should be noted that the higher mode excited has a different 
radiation pattern from the lower mode. This is not acceptable in certain 
applications, in which case another mechanism would be required. 
 
Figure 4.4 Meander line planar dual band inverted L antenna 
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4.2.3 Inverted F antenna 
Figure 4.5 shows a modified inverted L antenna, also known as the inverted 
F antenna [35]. The L shaped stripline is shorted to ground through a via hole. 
The center micorstrip line provides a feed to the antenna. s0 is the width of a 50 
Ω microstrip line printed on the substrate selected. The resonant frequency is 
further tuned by adjusting the physical dimension of l1, l2 and w1. Table 4.2 lists 
the corresponding dimensions of an antenna with its reflection coefficient 
optimized using HFSS. 
 
Table 4.2, Physical dimensions of inverted F antenna (Unit: mm) 
l0 l1 l2 w0 w1 s0 h0 










Figure 4.5 Planar inverted F antenna 
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Figure 4.6 shows the impedance bandwidth from HFSS simulation and 
measurement. It is noticed that this antenna occupies a slightly larger area but 
requires a smaller ground. The maximum antenna gain is only about -1.19 dBi 
in the 2.4 GHz ISM band. It is smaller than the inverted L design. The 
introduction of the shorting pin has reduced both the antenna branch line size 
and the antenna gain. 
 
Figure 4.6 Impedance bandwidth against frequency for microstrip-fed inverted 
F antenna 
 
4.2.4 Dual band inverted F antenna  
By introducing an additional parallel branch to the previous inverted F 
antenna design, it is possible to have dual resonant frequencies. Figure 4.7 
shows the antenna configuration. Simulation reveals that the vertical line 
section with length w1 affects both resonances and has to be selected carefully. 
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By proper adjustment of other dimensions (l1, l2, l3 and w2), dual band operation 
can be achieved in both 2.4 GHz and 5 GHz band. It is noticed that the line 
section of length w2 sets a practical limit on this antenna design, since 
adjustment made to it will affect resonance in both bands. It is very difficult to 
tune two operation bands simultaneously. Once a design is finalized, the room 
left for further adjustment is quite small.  
 
Figure 4.7 Dual band inverted F antenna 
 
4.2.5 Dual band inverted F antenna with an air gap 
To make the design more robust, an air gap is introduced between the main 
radiating patch and the shorted line in [36]. Figure 4.8 shows the antenna 
configuration. With the air gap introduced, it is much easier to get the antenna 















Figure 4.8 Dual band planar Inverted F with capacitive gap 
 
 
4.2.6 Inverted L antenna with parasitic stripline  
By further extending the air gap, the T shaped radiator in Figure 4.8 can be 
further reduced to an inverted L antenna [37]. The antenna configuration is 
shown in Figure 4.9. The entire shorted parasitic line is now coupled to the 
original Inverted L antenna with an L shaped air gap to excite the lower 
resonant frequency. The two striplines are coupled along their length. Better 




Figure 4.9 Inverted L with a parasitic L shape line 
 
 
4.3 Antenna design 
4.3.1 Modified inverted L antenna with parasitic stripline (LU 
antenna) 
The inverted F antenna displays a smaller antenna gain compared to the 
inverted L antenna. An inverted L antenna with an open-circuited line is 
proposed and is shown in Figure 4.10. A thin FR4 substrate (εr=4.4, h0=0.8 mm) 
is used for antenna fabrication due to its low cost and wide availability. The 
main radiator is an inverted-L shaped microstrip line. Unlike the two designs 
mentioned in Sections 4.2.5 and 4.2.6, the microstrip feed has an offset from 
the center to reduce the antenna size. An open circuited coupled line is 
introduced on top of the L shape radiator, thus providing an additional 
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resonance. The far end of the parasitic line is bent towards the ground plane to 
further reduce the area occupied. The main radiator (inverted L line) is 
designed to resonate at 5.3 GHz and the U-shaped part at 2.45 GHz.  
 
Figure 4.10 Microstrip-fed inverted LU antenna 
It appears that FEM-based commercial software packages with the ability 
of modeling the finite ground plane are incapable of accurately predicting the 
resonant frequency [38]. The standard finite difference time domain (FDTD) 
method is able to effectively analyze rectangular microstrip patch antennas with 
coupled parasitic lines, as long as the patch edges are parallel to the FDTD grid 
lines and the grid is sufficiently fine [39].  
Both radiator lengths are initially set to free space quarter wavelength and 
then optimized using the FDTD analysis. To obtain multiple frequencies with 
only one run, a Gaussian pulse is chosen as the excitation source. The electric 
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field is z-directed and the pulse is impressed within a small section under the 
microstrip feed line, as shown in Figure 4.11. The incident E-field within the 





( )( , , ) expz
n dt tE i j k E
T
⎡ ⎤• −= −⎢ ⎥⎣ ⎦
              (4.1) 
where E0 is the magnitude of the E-field, T is the time span of the pulse and t0 is 
the time delay.  
The return loss is thus calculated in three steps: 
1. The Ez value along the k direction under the microstrip line are 
recorded and separated as inzE (t) for the input wave and 
out
zE (t) for 
the reflected wave. 
2. The frequency responses inzE (f) and 
out
zE (f) are calculated over the 
entire range of frequencies based on the time domain inzE (t) and 
out
zE (t) accordingly. 
3. S11 is calculated using the formula,  
11 10








= ⋅ .                 (4.2) 
Figure 4.11 Illustration of Gaussian pulse excitation 
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The radiation fields are calculated with HFSS. The values of the fields over 
the radiation surface are used to compute the fields in the space surrounding 
the antenna. This space is typically split into two regions: the near-field region 
and the far-field region. The near-field region is the region closest to the source. 
In general, the electric field E(x,y,z) external to the region bounded by a closed 
surface may be written as 
0( , , ) (( ) ( ) ( ))= ωµ + ×∇ + ∇∫ tan tan normal
S
E x y z j H G E G E G ds         (4.3) 
where S represents the radiation boundary surfaces, Etan and Htan are the 
components of the electric and magnetic field tangential to the surface, Enormal is 
the component of the electric field that is normal to the surface and G is the free 








                     (4.4) 
where k0 is the free space wave number, r and r' represent field points and 
source points on the surface, respectively.  
In the far field where r>>r' (and usually r>>r'), Green's function can be 
approximated as: 
'
0 0 ˆ− ⋅≈
jk r jk r re eG
r
                       (4.5) 
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When this form of G is used in the far field calculations, the fields that result 




Table 4.3 shows the geometrical dimensions of the antenna, which were 
obtained through numerical experimentation. 
Figure 4.12 shows the impedance bandwidth from HFSS simulation, FDTD 
simulation and measurement. The lower band covers the 2.4 GHz ISM band 
(2.4 GHz to 2.62 GHz) and the higher band covers the 5 GHz band (4.9 GHz to 
6.2 GHz). HFSS is a commercial EM simulation software based on FEM (Finite 
Element Method) and is able to handle finite substrates. The resonant 
frequencies from HFSS simulation are about 100 MHz lower than the measured 
values. The FDTD simulated resonant frequencies are very well matched to the 
measured results. The simulated surface current Js at 2.45 GHz and 5.3GHz 
are shown in Figure 4.13 (a) and (b). The antenna has a gain about 0.8 dBi in 
2.4 GHz ISM band and 1.68dBi in 5.3 GHz band as shown in Table 4.4. 
Radiation patterns in x-y, y-z and x-z planes at 2.45 GHz and 5.3 GHz are 
shown in Figure 4.14. 
Table 4.3, 
Physical dimensions of inverted LU antenna with parasitic stripline (Unit: mm) 
l0 l1 l2 w0 w1 w2 w3 w4 s0 s1 s2 
30 21 7 42 5 3 5 5.5 1.53 1 1 
 
Table 4.4, Antenna gain at different frequencies  
Fequency (GHz) 2.4 2.45 2.48 5 5.3 5.5 6 























Figure 4.14 Measured radiation pattern in three orthogonal x-y, x-z and y-z 
planes at 2.45 and 5.3 GHz 
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A CPW feed or a CBCPW feed are also possible in this design. Figure 4.15 
shows the antenna configuration. The upper ground for CPW /CBCPW is not 
symmetric. It is five times larger than the center stripline and therefore would 
not affect the center stripline property [33]. Prototype antennas were realized 
for comparison purposes. The simulated and measured impedance bandwidth 
for CPW and CBCPW feeds are shown in Figure 4.16(a) and (b) 
correspondingly. 
The CBCPW-fed structure shows a much wider bandwidth in the higher 
band (4.2 GHz to 6.2 GHz). This is due to the multiple modes (microstrip and 














Figure 4.16(b) Impedance bandwidth against frequency for CBCPW-fed 
inverted LU antenna 
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4.3.2 Wideband monopole antenna  
A square monopole antenna demonstrates very wide impedance bandwidth 
[40], [41]. Figure 4.17 shows a new wideband planar monopole antenna 
configuration. The main radiator of the proposed antenna is a rectangular patch 
with a size of 5.2×4.2 mm2. Two shorted parasitic lines are coupled to the main 
rectangular patch to provide additional resonance. The ground plane is on the 
opposite side of the substrate. FR4 with a thickness of 0.8mm is used for the 
antenna substrate. The finite ground plane is reported to affect not only the 
radiation characteristics but also the antenna impedance. Therefore, full wave 
commercial EM software with the capability of simulating finite substrate and 
finite ground structure, HFSS, was used into optimize the geometrical 
parameters of the antenna. The dimensions of the antenna are listed in Table 
4.5. 
Table 4.5, Physical dimensions of wide band monopole antenna (Unit: mm) 
l0 l1 l2 l3 w0 w1 w2 s0 s1 
30 5.2 6.8 7.3 30 4.2 5.8 1.53 1 
 
The measured reflection coefficient for antennas with a single parasitic line 
and two parasitic lines are shown in Figure 4.18. It is clear that the proposed 
design with two parasitic lines has a wider bandwidth compared to the single 
line design. The additional line introduces an extra resonance in the lower 
frequency band (3.22 GHz to 4.54 GHz) and maintains low reflection in the 
upper range of the frequency band. The measured impedance bandwidth 
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covers the frequency band from 3.22 GHz to 11.68 GHz. The antenna gain is 
below 0 dBi around 5 GHz but above 0 dBi elsewhere, as shown in Table 4.6. 
The simulated surface current Js at 4 GHz, 6 GHz and 8 GHz are shown in 
Figure 4.19 (a), (b) and (c) respectively. Radiation patterns in x-y, y-z, x-z 
planes at 4 GHz, 6 GHz and 8 GHz are shown in Figure 4.20. The antenna 
maintains a reasonably stable radiation pattern at different frequencies. 
 
Table 4.6, Antenna gain at different frequencies 
Frequency (GHz) 4 5 6 7 8 9 10 



















Figure 4.17 Wideband planar monopole antenna with coupled parasitic lines 
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Figure 4.18 Impedance bandwidth against frequency for wideband monopole 
antenna 
 
Figure 4.19(a) Surface current for wideband monopole antenna with coupled 




Figure 4.19(b) Surface current for wideband monopole antenna with coupled 
parasitic lines at 6 GHz 
 
 
Figure 4.19(c) Surface current for wideband monopole antenna with coupled 









Figure 4.20 Measured radiation pattern in three orthogonal x-y, x-z, y-z planes 
at 4, 6 and 8 GHz 
 
4.4 Summary 
In this chapter, a number of planar monopole antenna designs were studied. 
The characteristics of the various antennas were compared. Based on same of 
the shortcomings observed, alternative designs were proposed. 
A novel dual band planar monopole antenna with an open circuited, 
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U-shaped parasitic element was introduced. The main and parasitic radiators of 
the proposed antenna were fabricated on the same plane and thus make the 
antenna easy to construct and more convenient to be integrated to planar 
circuits. Though the parasitic line is open circuited, the antenna is still small in 
size due to the asymmetric feeding line position and orientation of the parasitic 
line. The impedance bandwidth covers the 2.4 GHz ISM band and the 5.3 GHz 
band. The antenna has a reasonable gain over both bands and a stable 
radiation pattern. Computational code based on the FDTD method was 
developed to predict the impedance properties of the antenna. The results 
obtained closely agree with the measured data, which is not possible with 
FEM-based commercial software.  
A wideband antenna with shorted parasitic lines is proposed. Unlike the 
conventional single line design, two parasitic lines are used to increase the 
bandwidth to cover the range from 3.22 GHz to 11.6 GHz. The antenna gain is 
relatively low but still acceptable considering the size of the antenna and the 
large bandwidth achieved. Radiation patterns remain stable at different 
frequencies. The antenna is small and compact and is suitable for mass 
production.  
Although the obtained radiation patterns are not identical to those of a 
simple monopole antenna for both designs, they are generally monopole-like.  
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Chapter 5  
Circularly polarized antenna in BER 
measurement 
5.1 Introduction 
The emergence of several radio technologies, such as Bluetooth and IEEE 
802.11, operating in the 2.4 GHz unlicensed ISM frequency band, may lead to 
signal interference issues which may cause significant performance 
degradation when devices are collocated in the same environment [8], [9]. A lot 
of research has been conducted to solve this coexistence interference issue in 
the communication perspective. In this part of the thesis, possible improvement 
of a Bluetooth system in an IEEE 802.11/b environment by using antenna 
diversity is investigated. First, a simple pair of linearly polarized antennas is 
employed to test the Bluetooth system performance, using the Bit Error Rate 
(BER) as criterion. Then the antennas are replaced with more complicated 
antennas of different polarization to observe the changes and to identify the 
possible advantages. 
The dominant impairments for an indoor radio channel high speed network 






5.1.1 Enhancement techniques  
Utilization of antenna diversity techniques may be used to mitigate the 
fading. Two different diversity schemes have been proposed in [42]: space 
diversity and polarization diversity. 
Space diversity 
It requires multiple different antennas to create independent fading 
channels where an antenna separation of about a quarter of a wavelength 
might be enough to cause almost independent fades at the receive antenna, 
see Figure 5.1. However, a separation of more than 30 wavelengths for 







Figure 5.1 Illustration of space diversity set up 
Polarization diversity 
Figure 5.2 demonstrates a simple polarization diversity scheme employed 
in a transceiver. Two linearly polarized antennas are placed orthogonal to each 
other in this set up. The two terminals can switch between antenna 1 and 2 






Figure 5.2 Illustration of antenna diversity set up 
Unlike space diversity, this is an attractive method for the compact antenna 
configuration favaored for these applications. However, 3 dB power reduction 
appears due to the splitting of power into two different polarized antennas. 
When considering a high speed indoor channel, the ISI (Inter Symbol 
Interference) imposes an upper limit on the signal symbol rate, which depends 
on the RMS (Root Mean Square) delay spread value. It is strongly desirable to 
improve the antimultipath fading capability by reducing the amplitude fade and 
delay spread without additional system and computational complexity.  
Effective multiple access schemes have also been proposed to overcoming 
the multipath fading:  
Spread spectrum technique  
This is proposed in [43]. The transmission symbol rate may be increased to 
over 10 Mb/s without a significant degradation due to the ISI. When employing 
a DSSS (Direct Sequence Spread Spectrum) technique, however, the chip rate 
of the system might be at least 100 times the symbol rate in order to combat the 
multipath fading, co-channel interference, and the near-far problem.  
Multi-carrier technique  
The multi-carrier technique with less complex signal processing is also 
suitable for supporting high speed networks because of the narrower bandwidth 
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per carrier [44]. However, the penalty to be paid for this narrower bandwidth is 
the significantly increased system cost which depends on the number of 
available carrier frequencies. This requires highly stable RF frequency 
synthesizers, linear amplifiers and very good IF filters, which are expensive. 
 
5.1.2 Circularly polarized waves and antennas 
A wave is said to be circularly polarized if the tip of the electric field vector 
traces out a circular locus in space. At various instants of time, the electric field 
intensity of such a wave always has the same amplitude, but the orientation of 
electric field vector in space changes continuously with time in such a manner 
as to describe a circular locus.  
CP (Circularly Polarized) wave transmission/reception has been reported to 
significantly mitigate the multipath fading caused by reflection from walls, 
ceiling and floor [45], [46].  
When transmitting a circularly polarized wave, the polarization is reversed 
on specular reflection. In another word, a right-hand incident wave yields a 
left-hand reflected wave and vice versa.   
In a LOS (Line-Of-Sight) indoor radio channel, the wave propagation is 
dominated by reflections from walls, ceiling, floor, and obstructions, resulting in 
frequency-selective multipath fading. A circularly polarized wave transmission 
mitigates the multipath fading, since for any odd-bounce reflector the 
polarization of the LOS wave is opposite that of the reflected wave. Therefore, 
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the receiving antenna under a LOS condition will not be responsive to the 
odd-bounce reflected waves with the opposite sense of rotation if the reflection 
does not generate the depolarization. The power carried in these components 
therefore does not appear at the receiver. 
 
5.2 Antenna design 
In general, an antenna will radiate an elliptical polarization, which is defined 
by three parameters: axial ratio, tilt angle, and sense of rotation [47]. When an 
axial ratio is infinite or zero, the polarization becomes linear with the tilt angle 
defining the orientation. The quality of a linear polarization is usually indicated 
by the level of the cross polarization. For a unity axial ratio, a perfect CP results 
and the tilt angle is not applicable. The axial ratio is generally used to specify 
the quality of the circularly polarized waves.  
The axial ratio is defined to be the ratio of the major axis of the polarization 





+= − −  , where ER and EL are positive real quatities. The axial ratio AR 
takes positive value for left hand polarization and negative value for right hand 
polarization values in the range 1≤│AR│≤∞.    
Antennas produce circularly polarized waves when two orthogonal field 
components with equal amplitude but in phase quadrature are radiated. Various 
printed antennas are capable of achieving this. They can be classified as 
resonator and traveling-wave types. A resonator-type antenna consists of a 
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single patch antenna that is capable of simultaneously supporting two 
orthogonal modes in phase quadrature or an array of linearly polarized 
resonating patches with proper orientation and phase. A traveling-wave type of 
antenna is usually constructed from a microstrip transmission line. It generates 
circular polarization by radiating orthogonal field components of appropriate 
phases along discontinuities in the traveling-wave line.  
The CASIRA test set only provides a female MCX connector socket where 
user designed antennas may be plugged in. The single feed circularly polarized 
patch antenna is the simplest choice for implementation in the test module. 
A single feed rectangular hole antenna is proposed in [48]. Figure 5.3 
shows the geometrical structure of the design. This was implemented on a 
standard Rogers RT5870 Duroid substrate (substrate thickness h=1.6 mm). A 
50 Ω MCX coaxial feed is used to excite the antenna. The feed point location is 
carefully optimized using FEKO to achieve a good impedance match over the 
2.4 GHz ISM band (2.42-2.483 GHz).  
Linear polarization is avoided by placing the feed point on a diagonal of the 
patch, which excites two orthogonally polarized modes, TM01 and TM10. The 
bandwidth of the antenna is adjusted by varying the patch length l1 and width w2, 
the hole length l2 and width w2 and the dielectric substrate size ld and wd. The 
optimized results are shown in Table 5.1. 
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Figure 5.3 Geometry of the rectangular hole antenna design 
 
Table 5.1 Physical dimensions of rectangular hole antenna (Unit: mm) 
l1 w1 l2 w2 ld wd h Feed_x Feed_y
39.6 37.9 6.4 5.6 5 5.5 1.5748 13.3 12.94 
 
The measured values of S11 for both rectangular hole antennas are shown in 
Figure 5.4.   
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Figure 5.4 Impedence bandwidth against for rectangular hole antenna  
 
The antenna impedance covers a frequency band from 2.4 GHz to 2.52 
GHz. The measured reflection coefficient agrees well with the FEKO simulation. 
The following Figure 5.5 shows the measured gain for at both E-plane and 
H-plane. It is clearly seen that the two modes have peak gain at different 
frequencies. 
The following Figure 5.6 shows the measured radiation pattern. The 






Figure 5.5 Measured E field at E and H-plane 
 
 




5.3 BER measurement  
5.3.1 CASIRA Bluetooth module testing 
BER is a measurement criterion for the quality of a communication system. 
It is related to three main communication areas: hardware, environment and 
modulation (including source/channel coding, modulation schemes, and other 
wireless communications’ concerns). Bluetooth communication requires the 
receiver sensitivity level to be less than -70dBm, which in terms of BER is less 
than 0.1%.  
 Various tests of BER have been performed with the help of BlueSuite, the 
test software provided with the CASIRA Bluetooth Module. In those tests, the 
HP/Compaq nc4000 laptop computer is placed on a table and the Bluetooth 
module 5740 is put next to the built-in antenna. The SN 5741 module is placed 
on a table 4 meters away from the laptop computer and has a line of sight path. 
The distance between the antenna of SN5740 and WLAN adapter is 9cm. The 
two antennas are roughly at the same height. When doing the orthogonal test, 
the SN5740 is held up straight so the antenna would be perpendicular to the 
WLAN adapter antenna. Figure 5.7 shows the set up of this test bed. 
 




The Desktop Bluetooth unit is configured as transmitting module with 
following general settings: TXDATA 2 mode, country code 0, internal power gain 
54 (0 dBm from the power table). The BER TEST 2 in BlueTest program is 
performed in the laptop unit. To do this, a fixed FHSS is performed. Tests using 
BER TEST 1 have also been conducted and have generally shown much better 
results. However, it is intended for fixed frequency transmission, which does not 
have much significance in the coexistence interference issue. In different tests, 
different settings for the packet type and sizes are set accordingly. If not stated, 
the default setting of DM1 packet is used.  
 
WLAN configuration 
A CISCO AIRONET 350 series wireless LAN adapter is used in the laptop 
for wireless LAN access. The signal strength shown by the ACID monitor is 
about 30dB. In NUS, the WLAN is configured in the ISM band using IEEE 
802.11b. The maximum data rate provided is 11 Mbps. According to [49], WLAN 
traffic is maintained at approximately a constant level. Initially, a 0.13 gigabyte 
file was directly copied from the desktop to laptop. The traffic was found not to 
be stable and it was hard to keep track on the actual data rate of the WLAN 
traffic flow. Hence, an FTP server was set up on the desktop and a client on the 
laptop. Single file or multiple files were downloaded over an ftp link, with the 
data rate readable from the client itself. The server could further be restricted 
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on the downloading speed and hence provide more room for future tests. If 
more accurate monitoring of traffic flow is needed, a professional packet 
capture tool will be required to monitor the real time traffic flow.  
The test results are shown and discussed below. The numbers in the tables 
shown are BER in percentage format and represent the mean values observed 
for each BER Test. The BER measured vary around this value at steady state.  
 
5.3.2 Test results 
Test 0: No interference 
To test the validity of this idea, a test was conducted under no interference 
conditions and compared to results obtained with WLAN interference. The 
default packet setting was used: packet type 4 and size 27. 
Table 5.2, Measured BER (%) w/o WLAN traffic  
 Without ISM Interference With WLAN Traffic 
Linear polarization 0.000 0.21 
Circular polarization 0.000 0.13 
When the Bluetooth module was moved further away from the WLAN 
built-in antenna, the BER decreased. This shows that when the interfering 
signal is weaker, better system performance results. Without WLAN traffic, 
there is barely any BER for both sets of antennas. With a heavy traffic, the 
circularly polarized antenna set demonstrates a 7 percent smaller BER than the 
linearly polarized antenna.  Therefore, in the presence of an interferer (a 
heavy network traffic using WLAN adapter) the polarization of the antenna has 
a notable effect on the channel performance of Bluetooth system. 
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Test 1: SCO link packet 
Bluetooth voice represents the worst interference to WLAN [7]. However, 
Bluetooth Voice communication will have a smaller BER and hence better 
performance compared to the ACL file transfer. The packet type is set to 7 and 
size to 30 bytes, which represent a full size SCO link voice packet.  
Table 5.3, Measured BER (%) from SCO link  
 With WLAN Traffic 44k  
Linear polarization 0.05 
Circular polarization 0.05 
There was no significant difference in measured BER with the two different 
sets of antennas. In this case, altering the antenna polarization had no 
significant effect over the SCO Link robust communication. 
Test 2: ACL link packet 
FEC (forward error correction) is designed to achieve better performance 
over one without the presence of interference [7]. In this test, two different 
packets are considered:  DH1, type 4, size 17 and DM1 type 3, size 17 (with 
FEC). Since the size of the transmitted packet also affects the performance, a 
DM1 type of size 9 is tested later.  
Table 5.4, Measured BER (%) from ACL link  
 DH1 DM1 17 DM1 9 
Linear polarization 0.48 0.044 0.025 
Circular polarization 0.046 0.058 0.059 
Note that during the test DM1, the data rate of WLAN was higher, which in 
turn affected on the test results. With a smaller size (about half of the previous 
one) and a FEC header, the performance is expected to be better than DM1 17. 
In this case, the results echo the expectations. Note that the payload of WLAN 
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traffic also has a great effect on the Bluetooth performance. Once video 
streaming is activated during the test, the BER is much lower than in the file 
transfer scenario. 
Test 3: Light traffic versus heavy traffic  
A heavy traffic versus light traffic scenario test was conducted. In the heavy 
traffic scenario, three files were simultaneously downloaded to the laptop. To 
have a more accurate traffic flow, the download speed of the ftp server could be 
limited. 
Table5.5, Measured BER (%) from light and heavy WLAN traffic  
 Single File 44K Two Files 88K 
Linear polarization 0.11 0.16 
Circular polarization 0.09 0.11 
The measured BER from linearly polarized antenna under heavy WLAN 
traffic is 45% larger than the one under light WLAN traffic. However, the 
measured BER from circularly polarized antenna is not affected much by the 
varying WLAN traffic.   
Test 4: Blockage/shadowing effect 
From [10], blockage/shadowing have a great effect on the Bluetooth 
performance. In the first part of the test, the receiving module is put behind the 
laptop monitor. The size of the monitor is about 25 cm × 27 cm × 0.5 cm. No 
WLAN communication is enabled here. The results are shown in Table 5.6. 
Table 5.6, Measured BER (%) w/o blockage  
 LOS With Blockage 
Linear polarization 0.00 0.27 
Circular polarization 0.00 0.07 
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As seen from Table 5.6, the measured BER using linearly polarized 
antenna is significantly increased with blockage of the line of sight path. The 
transmission utilizing circularly polarized antenna is not affected much by the 
blockage. 
Test 5: Short distance between Bluetooth units 
In this test, the laptop was moved next to the SN 5741 of the desktop 
computer. The Bluetooth link distance was reduced to about 20 cm. Together 
with the WLAN adapter, they formed an equilateral triangle. 
Table 5.7, Measured BER (%) with a short Bluetooth transmission path  
 Without WLAN Traffic With WLAN Traffic 
Linear polarization 0.00 0. 11 
Circular polarization 0.00  0.07 
 
When the Bluetooth transmission path is very small, the effect from WLAN 
traffic is no longer significant any more. The utilization of circularly polarized 
antenna in this case is not very useful in this case. 
 
5.4 Summary 
The use of a circularly polarized antenna for Bluetooth transmission in the 
ISM band was investigated, a CASIRA development module was used to 
measure the BER in various experiments conducted.  
From the measured BER, it is clear that the transmission quality is not 
significantly affected with the replacement of linearly polarized with circularly 
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polarized antenna once necessary adjustment has been made to in the 
communication protocol and coding design.  
However, circularly polarized antenna does improve the communication 
quality when this is no line of sight transmission path. 
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Chapter 6 
Conclusion and future works 
6.1 Conclusion 
Various microstrip antenna designs for wireless communication 
applications were investigated. The antenna designs are focused on the size, 
integration and interference concerns from the communication system design 
prospective. 
A detailed design procedure has also been presented based on a series of 
experiments conducted. This guideline gives detailed effects of various antenna 
dimensions and material properties on the antenna impedance.   
A novel compact multilayer microstrip antenna with a center frequency of 
2.45 GHz was proposed. The antenna has two layers. The radiation patch is 
etched on the first substrate and an air substrate is introduced between this 
substrate layer and the ground plane. The measured impedance bandwidth 
covers the 2.4 GHz ISM band and has reasonable gain over the bandwidth. 
This antenna is easy to manufacture and is suitable for mass production. 
Some research was also done on the improvement of planar monopole 
antenna designs. Based on the investigation of a series of available designs, 
one inverted L antenna with a non-shorted parasitic stripline has been proposed. 
The antenna operates in both the 2.4 GHz and 5.3 GHz band. The proposed 
design has higher gain compared to the previous shorted wire design. Another 
antenna has been proposed to have very wide impedance bandwidth (3.22 
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GHz to 11.6 GHz) while maintaining reasonable gain over the entire bandwidth. 
This design utilizes the wide band resonance characteristics of the planar 
monopole antenna. It is small in size and easy to fabricate.   
Finally, the advantages of using a circularly polarized antenna in Bluetooth 
in the presence of IEEE802.11b WLAN interference were investigated. One pair 
of probe fed rectangular hole antennas were implemented and used in the 
CASIRA Bluetooth development kit. A series of experiments were conducted. 
The measured BER from circularly polarized antenna and linearly polarized 
antenna were compared in each case. From the results, it was discovered that 
the advantages of using circularly polarized antennas are limited, except for 
cases where there is no line-of-sight transmission path. 
 
6.2 Future Works 
Future research on the following topics may be considered: 
z The commercial EM software is not able to accurately predict 
impedance bandwidth of small antennas. The measured resonant 
frequency is often shifted compared to the simulated one. An accurate 
analysis technique will therefore be useful for the modeling of finite 
substrate compact microstrip antennas. 
z Although the circularly polarized antenna did not provide a significant 
advantage in the coexistence interference enhancement test, a 
switched polarization antenna could still be a viable alternative. A 
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compact and easily implementable switched polarization antenna 
should be designed and implemented in the CASIRA Bluetooth 
development kit. Conclusions could be drawn based on measured 
BER results.  
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Appendix 
C code for FDTD return loss 






/* IE JE KE are the corresponding size of the dielectric material*/ 
#define IE 88 
#define JE 128 
#define KE 35 
#define c0 3.0e8 
/* PML size, 7 layers */ 
#define ia 14 
#define ja 14 
#define ka 14 
#define NFREQS 3 





























 int l,m,n,i,j,k,ic,jc,kc,nsteps,n_pml; 
 float ddx,ddy,ddz,ra_x,ra_y,dt,T,epsz,muz,pi,eaf,npml,sigma; 
 int ib,jb,kb; 
 int i_temp_st,i_temp_end,j_temp_st,j_temp_end; 
 int ground_i,ground_j,ground_k; 
 float xn,xxn,xnum,xd; 
 float t0,spread,pulse; 
 float curl_h,curl_e; 
 int ixh,jyh,kzh; 
 int ii,jj,kk,numsph; 
 float dist,xdist,ydist,zdist; 
 float ez_low_m1,ez_low_m2,ez_high_m1,ez_high_m2; 
 int istart,iend,k_ref,jend,i_ref; 
 int j_patch_st,j_patch_end,j_ref; 
 int i_patch_st,i_patch_end; 
 float eps_sub,half_wv; 
  









 i_patch_end=ia+52;    //51 or 52 
 i_patch_st=i_patch_end-16; 
 j_patch_end=jb-12;          //11 or 12 




















  for (j=0;j<JE;j++) 
  { 
   for (i=0;i<IE;i++) 
   { 
    ex[i][j][k]=0.0; 
    ey[i][j][k]=0.0; 
    ez[i][j][k]=0.0; 
    dx[i][j][k]=0.0; 
    dy[i][j][k]=0.0; 
    dz[i][j][k]=0.0; 
    hx[i][j][k]=0.0; 
    hy[i][j][k]=0.0; 
    hz[i][j][k]=0.0; 
    ix[i][j][k]=0.0; 
    iy[i][j][k]=0.0; 
    iz[i][j][k]=0.0; 
    gax[i][j][k]=1.0; 
    gay[i][j][k]=1.0; 
    gaz[i][j][k]=1.0; 
    gbx[i][j][k]=0.0; 
    gby[i][j][k]=0.0; 
    gbz[i][j][k]=0.0; 
   } 
  } 
 } 
 /* Initialize parameters, calculate PML parameters*/ 
 for (i=0;i<IE-1;i++) 
 { 
  for (k=0;k<KE-1;k++) 
  { 
   shape[i][k]=0.; 




  for(j=0;j<JE;j++) 
  { 
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   for(k=0;k<KE;k++) 
   { 
    idxl[i][j][k]=0.; 
    idxh[i][j][k]=0.; 
    ihxl[i][j][k]=0.; 
    ihxh[i][j][k]=0.; 
   } 





  for(j=0;j<ja;j++) 
  { 
   for(k=0;k<KE;k++) 
   { 
    idyl[i][j][k]=0.; 
    idyh[i][j][k]=0.; 
    ihyl[i][j][k]=0.; 
    ihyh[i][j][k]=0.; 
   } 





  for(j=0;j<JE;j++) 
  { 
   for(k=0;k<ka;k++) 
   { 
    idzl[i][j][k]=0.; 
    idzh[i][j][k]=0.; 
    ihzl[i][j][k]=0.; 
    ihzh[i][j][k]=0.; 
   } 
  } 
 }  
 //Boundary conditions 
 for (i=0;i<IE;i++) 
 { 
  gi1[i]=0.; 
  fi1[i]=0.; 
  gi2[i]=1.; 
  fi2[i]=1.; 
  gi3[i]=1.; 
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  fi3[i]=1.; 
 } 
 
 for (j=0;j<JE;j++) 
 { 
  gj1[j]=0.; 
  fj1[j]=0.; 
  gj2[j]=1.; 
  fj2[j]=1.; 
  gj3[j]=1.; 
  fj3[j]=1.; 
  ez_inc[j]=0.; 
  hx_inc[j]=0.; 
 } 
  
 for (k=0;k<KE;k++) 
 { 
  gk1[k]=0.; 
  fk1[k]=0.; 
  gk2[k]=1.; 
  fk2[k]=1.; 
  gk3[k]=1.; 
  fk3[k]=1.; 




 for (i=0;i<n_pml;i++) 
 { 
  xxn=(npml-i)/npml; 
  xn=0.33*pow(xxn,3.); 
  fi1[i]=xn; 
  fi1[IE-i-1]=xn; 
  gi2[i]=1./(1.+xn); 
  gi2[IE-i-1]=1./(1.+xn); 
  gi3[i]=(1.-xn)/(1.+xn); 
  gi3[IE-i-1]=(1.-xn)/(1.+xn); 
  xxn=(npml-i-0.5)/npml; 
  xn=0.33*pow(xxn,3.); 
  gi1[i]=xn; 
  gi1[IE-i-2]=xn; 
  fi2[i]=1./(1.+xn); 
  fi2[IE-i-2]=1./(1.+xn); 
  fi3[i]=(1.-xn)/(1.+xn); 




 for (j=0;j<n_pml;j++) 
 { 
  xxn=(npml-j)/npml; 
  xn=0.33*pow(xxn,3.); 
  fj1[j]=xn; 
  fj1[JE-j-1]=xn; 
  gj2[j]=1./(1.+xn); 
  gj2[JE-j-1]=1./(1.+xn); 
  gj3[j]=(1.-xn)/(1.+xn); 
  gj3[JE-j-1]=(1.-xn)/(1.+xn); 
  xxn=(npml-j-0.5)/npml; 
  xn=0.33*pow(xxn,3.); 
  gj1[j]=xn; 
  gj1[JE-j-2]=xn; 
  fj2[j]=1./(1.+xn); 
  fj2[JE-j-2]=1./(1.+xn); 
  fj3[j]=(1.-xn)/(1.+xn); 
  fj3[JE-j-2]=(1.-xn)/(1.+xn); 
 } 
   
 for (k=0;k<n_pml;k++) 
 { 
  xxn=(npml-k)/npml; 
  xn=0.33*pow(xxn,3.); 
  fk1[k]=xn; 
  fk1[KE-k-1]=xn; 
  gk2[k]=1./(1.+xn); 
  gk2[KE-k-1]=1./(1.+xn); 
  gk3[k]=(1.-xn)/(1.+xn); 
  gk3[KE-k-1]=(1.-xn)/(1.+xn); 
  xxn=(npml-k-0.5)/npml; 
  xn=0.33*pow(xxn,3.); 
  gk1[k]=xn; 
  gk1[KE-k-2]=xn; 
  fk2[k]=1./(1.+xn); 
  fk2[KE-k-2]=1./(1.+xn); 
  fk3[k]=(1.-xn)/(1.+xn); 
  fk3[KE-k-2]=(1.-xn)/(1.+xn); 
 }  
  




 for (j=0;j<jb;j++) 
 { 
  for (i=ia;i<ib;i++) 
  { 
   for (k=ka;k<=ka+ktop;k++) 
   { 
    gax[i][j][k]=1./(eps_sub+(sigma*dt/epsz)); 
    gay[i][j][k]=1./(eps_sub+(sigma*dt/epsz)); 
    gaz[i][j][k]=1./(eps_sub+(sigma*dt/epsz)); 
    gbx[i][j][k]=sigma*dt/epsz; 
    gby[i][j][k]=sigma*dt/epsz; 
    gbz[i][j][k]=sigma*dt/epsz; 
   } 
  } 
 } 
  
 /* Add a metal plate at k=0 for ground*/ 
  
 for (i=ia;i<ib;i++) 
 { 
  for (j=0;j<=ground_j;j++) 
  { 
   k=ka; 
   gax[i][j][k]=0.; 
   gay[i][j][k]=0.; 
  } 
 } 
  






 for (i=istart;i<=iend;i++) 
 { 
  for (k=ka;k<=ka+ktop;k++) 
  { 
   shape[i][k]=1.; 
  } 
 } 
 /* Add the conductor lead at k=ktop+1*/ 
 for (j=0;j<=j_patch_st;j++) 
 { 
  for (i=istart;i<=iend;i++) 
 107
  { 
   gax[i][j][ka+ktop+1]=0.; 
  } 
  for (i=istart;i<=iend;i++) 
  { 
   gay[i][j][ka+ktop+1]=0.; 
  } 
 } 
 /*Add the rectangular patch at k=ktop*/ 
 for (j=j_patch_st;j<=j_patch_end;j++) 
 { 
  for (i=i_patch_st;i<=i_patch_end;i++) 
  { 
   gax[i][j][ka+ktop+1]=0.; 
  } 
  for (i=i_patch_st;i<=i_patch_end;i++) 
  { 
   gay[i][j][ka+ktop+1]=0.; 
  } 
 } 
  
 i_temp_st=i_patch_end+2;   
 i_temp_end=i_temp_st+2; 
 j_temp_end=j_patch_end+4;  //4 or 3 
 j_temp_st=j_temp_end-9; //8 or 9 
    
 /*Add the rectangular patch at k=ktop*/ 
 for (j=j_temp_st;j<=j_temp_end;j++) 
 { 
  for (i=i_temp_st;i<=i_temp_end;i++) 
  { 
   gax[i][j][ka+ktop+1]=0.; 
  } 
  for (i=i_temp_st;i<=i_temp_end;i++) 
  { 
   gay[i][j][ka+ktop+1]=0.; 
  } 
 } 
 
 i_temp_end=i_temp_st;   
 i_temp_st=i_temp_end-38; 
 j_temp_st=j_temp_end-2; //2 or 1 
    
 /*Add the rectangular patch at k=ktop*/ 
 for (j=j_temp_st;j<=j_temp_end;j++) 
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 { 
  for (i=i_temp_st;i<=i_temp_end;i++) 
  { 
   gax[i][j][ka+ktop+1]=0.; 
  } 
  for (i=i_temp_st;i<=i_temp_end;i++) 
  { 
   gay[i][j][ka+ktop+1]=0.; 
  } 
 } 
  
 i_temp_end=i_temp_st;   
 i_temp_st=i_temp_end-2; //2 or 1 
 j_temp_st=j_temp_end-10; //11 or 10 
    
 /*Add the rectangular patch at k=ktop*/ 
 for (j=j_temp_st;j<=j_temp_end;j++) 
 { 
  for (i=i_temp_st;i<=i_temp_end;i++) 
  { 
   gax[i][j][ka+ktop+1]=0.; 
  } 
  for (i=i_temp_st;i<=i_temp_end;i++) 
  { 
   gay[i][j][ka+ktop+1]=0.; 








 while (nsteps>0) 
 { 
  printf("nsteps-->"); 
  scanf("%d",&nsteps); 
   
  for (n=1;n<=nsteps;n++) 
  { 
   T=T+1.; 
   /*Calculate the incident buffer*/ 
   for (j=1;j<JE;j++) 
   { 
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 ez_inc[j]=gj3[j]*ez_inc[j]+gj2[j]*(0.5*ra_y/eps_sub)*(hx_inc[j-1]-hx_inc[j]); 
   } 
     
   /*Source*/ 
   pulse=exp(-.5*(pow((t0-T)/spread,2.0))); 
   ez_inc[ja-2]=pulse; 
   //Dx 
   for (i=1;i<ia;i++) 
   { 
    for (j=1;j<JE;j++) 
    { 
      for (k=1;k<KE;k++) 
      { 
      
 curl_h=(ra_y*(hz[i][j][k]-hz[i][j-1][k])-hy[i][j][k]+hy[i][j][k-1]); 
       idxl[i][j][k]=idxl[i][j][k]+curl_h; 
      
 dx[i][j][k]=gj3[j]*gk3[k]*dx[i][j][k]+gj2[j]*gk2[k]*0.5*(curl_h+gi1[i]*idxl[i][j][k
]); 
      } 
    } 
   } 
   for (i=ia;i<=ib;i++) 
   { 
    for (j=1;j<JE;j++) 
    { 
      for (k=1;k<KE;k++) 
      { 
      
 curl_h=(ra_y*(hz[i][j][k]-hz[i][j-1][k])-hy[i][j][k]+hy[i][j][k-1]); 
      
 dx[i][j][k]=gj3[j]*gk3[k]*dx[i][j][k]+gj2[j]*gk2[k]*0.5*curl_h; 
      } 
    } 
   } 
   for (i=ib+1;i<IE;i++) 
   { 
    ixh=i-ib-1; 
    for (j=1;j<JE;j++) 
    { 
      for (k=1;k<KE;k++) 
      { 
      
 curl_h=(ra_y*(hz[i][j][k]-hz[i][j-1][k])-hy[i][j][k]+hy[i][j][k-1]); 
       idxh[ixh][j][k]=idxh[ixh][j][k]+curl_h; 
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 dx[i][j][k]=gj3[j]*gk3[k]*dx[i][j][k]+gj2[j]*gk2[k]*0.5*(curl_h+gi1[i]*idxh[ixh][j]
[k]); 
      }      
    } 
   } 
   //Dy 
   for (i=1;i<IE;i++) 
   { 
    for (j=1;j<ja;j++) 
    { 
     for (k=1;k<KE;k++) 
     { 
     
 curl_h=(hx[i][j][k]-hx[i][j][k-1]-ra_x*(hz[i][j][k]-hz[i-1][j][k])); 
      idyl[i][j][k]=idyl[i][j][k]+curl_h; 
     
 dy[i][j][k]=gi3[i]*gk3[k]*dy[i][j][k]+gi2[i]*gk2[k]*0.5*(curl_h+gj1[j]*idyl[i][j][k
]); 
     } 
    } 
   } 
   for (i=1;i<IE;i++) 
   { 
    for (j=ja;j<=jb;j++) 
    { 
      for (k=1;k<KE;k++) 
      { 
      
 curl_h=(hx[i][j][k]-hx[i][j][k-1]-ra_x*(hz[i][j][k]-hz[i-1][j][k])); 
      
 dy[i][j][k]=gi3[i]*gk3[k]*dy[i][j][k]+gi2[i]*gk2[k]*0.5*curl_h; 
      } 
    } 
   } 
   for (i=1;i<IE;i++) 
   { 
    for (j=jb+1;j<JE;j++) 
    { 
     jyh=j-jb-1; 
     for (k=1;k<KE;k++) 
     { 
     
 curl_h=(hx[i][j][k]-hx[i][j][k-1]-ra_x*(hz[i][j][k]-hz[i-1][j][k])); 
      idyh[i][jyh][k]=idyh[i][jyh][k]+curl_h; 
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 dy[i][j][k]=gi3[i]*gk3[k]*dy[i][j][k]+gi2[i]*gk2[k]*0.5*(curl_h+gj1[j]*idyh[i][jyh]
[k]); 
     } 
    } 
   } 
  //Dz 
   for (i=1;i<IE;i++) 
   { 
    for (j=1;j<JE;j++) 
    { 
      for (k=0;k<ka;k++) 
      { 
      
 curl_h=(ra_x*(hy[i][j][k]-hy[i-1][j][k])-ra_y*(hx[i][j][k]-hx[i][j-1][k])); 
       idzl[i][j][k]=idzl[i][j][k]+curl_h; 
      
 dz[i][j][k]=gi3[i]*gj3[j]*dz[i][j][k]+gi2[i]*gj2[j]*0.5*(curl_h+gk1[k]*idzl[i][j][k
]); 
      } 
    } 
   } 
  for (i=1;i<IE;i++) 
   { 
    for (j=1;j<JE;j++) 
    { 
     for (k=ka;k<=kb;k++) 
     { 
     
 curl_h=(ra_x*(hy[i][j][k]-hy[i-1][j][k])-ra_y*(hx[i][j][k]-hx[i][j-1][k])); 
     
 dz[i][j][k]=gi3[i]*gj3[j]*dz[i][j][k]+gi2[i]*gj2[j]*0.5*curl_h; 
     } 
    } 
   } 
   for (i=1;i<IE;i++) 
   { 
    for (j=1;j<JE;j++) 
    { 
      for (k=kb+1;k<KE;k++) 
      { 
       kzh=k-kb-1; 
      
 curl_h=(ra_x*(hy[i][j][k]-hy[i-1][j][k])-ra_y*(hx[i][j][k]-hx[i][j-1][k])); 
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       idzh[i][j][kzh]=idzh[i][j][kzh]+curl_h; 
      
 dz[i][j][k]=gi3[i]*gj3[j]*dz[i][j][k]+gi2[i]*gj2[j]*0.5*(curl_h+gk1[k]*idzh[i][j][k
zh]); 
      } 
    } 
   } 
   /*Incident Dz*/ 
   for (i=istart;i<=iend;i++) 
   { 
    for (k=ka;k<=ka+ktop;k++) 
    { 
     dz[i][ja][k]=dz[i][ja][k]+(0.5/eps_sub)*shape[i][k]*hx_inc[ja-1]; 
    } 
   } 
   /* Calculate the E from D field*/  
   //E field 
   for (i=1;i<IE-1;i++) 
   { 
    for (j=1;j<JE-1;j++) 
    { 
     for (k=1;k<KE-1;k++) 
     { 
      ex[i][j][k]=gax[i][j][k]*(dx[i][j][k]-ix[i][j][k]); 
      ix[i][j][k]=ix[i][j][k]+gbx[i][j][k]*ex[i][j][k]; 
      ey[i][j][k]=gay[i][j][k]*(dy[i][j][k]-iy[i][j][k]); 
      iy[i][j][k]=iy[i][j][k]+gby[i][j][k]*ey[i][j][k]; 
      ez[i][j][k]=gaz[i][j][k]*(dz[i][j][k]-iz[i][j][k]); 
      iz[i][j][k]=iz[i][j][k]+gbz[i][j][k]*ez[i][j][k]; 
     } 
    } 
   } 
   /* Write out the time domain data at the input port*/ 
   fprintf (fpt, "%1.0f %8.4f \n",T,ez[i_ref][j_ref][k_ref]); 
    
   /*Calculate the incident field*/ 
   for (j=0;j<JE-1;j++) 
   { 
    hx_inc[j]=fj3[j]*hx_inc[j]+0.5*fj2[j]*(ez_inc[j]-ez_inc[j+1]); 
   } 
   //Hx 
   for (i=0;i<ia;i++) 
   { 
    for (j=0;j<JE-1;j++) 
    { 
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      for (k=0;k<KE-1;k++) 
      { 
      
 curl_e=(ey[i][j][k+1]-ey[i][j][k]-ra_y*(ez[i][j+1][k]-ez[i][j][k])); 
       ihxl[i][j][k]=ihxl[i][j][k]+curl_e; 
      
 hx[i][j][k]=fj3[j]*fk3[k]*hx[i][j][k]+fj2[j]*fk2[k]*0.5*(curl_e+fi1[i]*ihxl[i][j][k
]); 
      } 
    } 
   } 
   for (i=ia;i<=ib;i++) 
   { 
    for (j=0;j<JE-1;j++) 
    { 
      for (k=0;k<KE-1;k++) 
      { 
      
 curl_e=(ey[i][j][k+1]-ey[i][j][k]-ra_y*(ez[i][j+1][k]-ez[i][j][k])); 
      
 hx[i][j][k]=fj3[j]*fk3[k]*hx[i][j][k]+fj2[j]*fk2[k]*0.5*curl_e; 
      } 
    } 
   } 
   for (i=ib+1;i<IE;i++) 
   { 
    ixh=i-ib-1; 
    for (j=0;j<JE-1;j++) 
    { 
      for (k=0;k<KE-1;k++) 
      { 
      
 curl_e=(ey[i][j][k+1]-ey[i][j][k]-ra_y*(ez[i][j+1][k]-ez[i][j][k])); 
       ihxh[ixh][j][k]=ihxh[ixh][j][k]+curl_e; 
      
 hx[i][j][k]=fj3[j]*fk3[k]*hx[i][j][k]+fj2[j]*fk2[k]*0.5*(curl_e+fi1[i]*ihxh[ixh][j]
[k]); 
      } 
    } 
   } 
   /*Incident Hx*/ 
   for (i=istart;i<=iend;i++) 
   { 
    for (k=ka;k<=ka+ktop;k++) 
    { 
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 hx[i][ja-1][k]=hx[i][ja-1][k]+(0.5/eps_sub)*shape[i][k]*ez_inc[ja]; 
    } 
   } 
   //Hy 
   for (i=0;i<IE-1;i++) 
   { 
    for (j=0;j<ja;j++) 
    { 
     for (k=0;k<KE-1;k++) 
     { 
     
 curl_e=(ra_x*(ez[i+1][j][k]-ez[i][j][k])-ex[i][j][k+1]+ex[i][j][k]); 
      ihyl[i][j][k]=ihyl[i][j][k]+curl_e; 
     
 hy[i][j][k]=fi3[i]*fk3[k]*hy[i][j][k]+fi2[i]*fk3[k]*0.5*(curl_e+fj1[j]*ihyl[i][j][k
]); 
     } 
    } 
   } 
   for (i=0;i<IE-1;i++) 
   { 
    for (j=ja;j<=jb;j++) 
    { 
      for (k=0;k<KE-1;k++) 
      { 
      
 curl_e=(ra_x*(ez[i+1][j][k]-ez[i][j][k])-ex[i][j][k+1]+ex[i][j][k]); 
      
 hy[i][j][k]=fi3[i]*fk3[k]*hy[i][j][k]+fi2[i]*fk3[k]*0.5*curl_e; 
      } 
    } 
   } 
   for (i=0;i<IE-1;i++) 
   { 
    for (j=jb+1;j<JE;j++) 
    { 
     jyh=j-jb-1; 
     for (k=0;k<KE-1;k++) 
     { 
     
 curl_e=(ra_x*(ez[i+1][j][k]-ez[i][j][k])-ex[i][j][k+1]+ex[i][j][k]); 
      ihyh[i][jyh][k]=ihyh[i][jyh][k]+curl_e; 




     } 
    } 
   } 
 //Hz 
   for (i=0;i<IE-1;i++) 
   { 
    for (j=0;j<JE-1;j++) 
    { 
      for (k=0;k<ka;k++) 
      { 
      
 curl_e=(ra_y*(ex[i][j+1][k]-ex[i][j][k])-ra_x*(ey[i+1][j][k]-ey[i][j][k])); 
       ihzl[i][j][k]=ihzl[i][j][k]+curl_e; 
      
 hz[i][j][k]=fi3[i]*fj3[j]*hz[i][j][k]+fi2[i]*fj2[j]*0.5*(curl_e+fk1[k]*ihzl[i][j][k
]); 
      } 
    } 
   } 
    
   for (i=0;i<IE-1;i++) 
   { 
    for (j=0;j<JE-1;j++) 
    {   
      for (k=ka;k<=kb;k++) 
      { 
    
 curl_e=(ra_y*(ex[i][j+1][k]-ex[i][j][k])-ra_x*(ey[i+1][j][k]-ey[i][j][k])); 
      
 hz[i][j][k]=fi3[i]*fj3[j]*hz[i][j][k]+fi2[i]*fj2[j]*0.5*curl_e; 
      }  
    } 
   } 
    
   for (i=0;i<IE-1;i++) 
   { 
    for (j=0;j<JE-1;j++) 
    { 
      for (k=kb+1;k<KE;k++) 
      { 
       kzh=k-kb-1; 
      
 curl_e=(ra_y*(ex[i][j+1][k]-ex[i][j][k])-ra_x*(ey[i+1][j][k]-ey[i][j][k])); 
       ihzh[i][j][kzh]=ihzh[i][j][kzh]+curl_e; 
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 hz[i][j][k]=fi3[i]*fj3[j]*hz[i][j][k]+fi2[i]*fj2[j]*0.5*(curl_e+fk1[k]*ihzh[i][j][k
zh]); 
      } 
    } 
   } 
  } 
  fp=fopen("Ez.txt","w"); 
  for (j=0;j<JE;j++) 
  { 
   for (i=0;i<IE;i++) 
   { 
    fprintf(fp,"%d %d %7.4f\n",i,j,ez[i][j][ktop]); 
   } 
   //fprintf(fp,"\n"); 
  } 
  fclose(fp); 
  printf("T = %f\n",T); 
 } 
 fclose(fpt); 
 return 0; 
}  
 
